Carbohydrate Availability Assay for Determining Lignocellulosic Biomass Quality by Murphy, Patrick Thomas et al.
Agricultural and Biosystems Engineering
Conference Proceedings and Presentations Agricultural and Biosystems Engineering
6-2007
Carbohydrate Availability Assay for Determining
Lignocellulosic Biomass Quality
Patrick Thomas Murphy
Iowa State University
Kenneth J. Moore
Iowa State University
D. Raj Raman
Iowa State University, rajraman@iastate.edu
Follow this and additional works at: http://lib.dr.iastate.edu/abe_eng_conf
Part of the Agriculture Commons, and the Bioresource and Agricultural Engineering Commons
The complete bibliographic information for this item can be found at http://lib.dr.iastate.edu/
abe_eng_conf/56. For information on how to cite this item, please visit http://lib.dr.iastate.edu/
howtocite.html.
This Conference Proceeding is brought to you for free and open access by the Agricultural and Biosystems Engineering at Digital Repository @ Iowa
State University. It has been accepted for inclusion in Agricultural and Biosystems Engineering Conference Proceedings and Presentations by an
authorized administrator of Digital Repository @ Iowa State University. For more information, please contact digirep@iastate.edu.
The authors are solely responsible for the content of this technical presentation. The technical presentation does not necessarily reflect the 
official position of the American Society of Agricultural and Biological Engineers (ASABE), and its printing and distribution does not 
constitute an endorsement of views which may be expressed. Technical presentations are not subject to the formal peer review process by 
ASABE editorial committees; therefore, they are not to be presented as refereed publications. Citation of this work should state that it is 
from an ASABE meeting paper. EXAMPLE: Author's Last Name, Initials. 2007. Title of Presentation. ASABE Paper No. 07xxxx. St. Joseph, 
Mich.: ASABE. For information about securing permission to reprint or reproduce a technical presentation, please contact ASABE at 
rutter@asabe.org or 269-429-0300 (2950 Niles Road, St. Joseph, MI 49085-9659 USA). 
 
 
 
An ASABE Meeting Presentation 
 
Paper Number: 077077
 
Carbohydrate Availability Assay for Determining 
Lignocellulosic Biomass Quality  
Patrick T. Murphy  
Department of Agricultural and Biosystems Engineering 
Iowa State University, Ames, IA, 50011, pmurph@iastate.edu 
Kenneth J. Moore 
Department of Agronomy 
Iowa State University, Ames, IA, 50011, kjmoore@iastate.edu 
D. Raj Raman 
Department of Agricultural and Biosystems Engineering 
Iowa State University, Ames, IA, 50011, rajraman@iastate.edu 
Written for presentation at the 
2007 ASABE Annual International Meeting 
Sponsored by ASABE 
Minneapolis Convention Center 
Minneapolis, Minnesota 
17 - 20 June 2007 
Abstract. Current methods for characterization of lignocellulosic biomass feedstocks for biological 
conversion are dominated by compositional analysis and digestibility/ fermentation tests; however, 
both these groups of laboratory methods have their respective advantages and disadvantages.  The 
purpose of this paper is to develop a wet-chemistry assay for determination of lignocellulosic 
biomass quality that combines both compositional analysis and fermentation methods.  This assay 
also should not require expensive or highly specialized laboratory equipment and should be able to 
be adapted for high throughput applications, such as near infrared reflectance spectroscopy (NIRS).   
The model developed for this assay partitions carbohydrates within a lignocellulosic material into 
fractions based on their availability to undergo biological conversion – e.g., enzymatic hydrolysis and 
fermentation – and is derived from a model for digestibility of forage by ruminant animals. The 
carbohydrates fractions identified include: soluble carbohydrates (monosaccharides), highly 
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biochemically available carbohydrates (starches, fructans, oligosaccharides), biochemically available 
carbohydrates (structural carbohydrates susceptible to enzymatic hydrolysis), and biochemically 
unavailable carbohydrates.  The hydrolysis rate of the biochemically available fraction is described 
by a 1st-order rate constant.  The biochemically available fraction and the associated rate constant 
were determined using simultaneous saccharification and fermentation methods.  All other fractions 
were determined using standard forage analyses.  This paper describes the model and provides 
preliminary data from the assay method.   
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Introduction 
The quality of corn grain used for ethanol production is typically characterized by its moisture 
content, damage level, test weight, and mycotoxin content to a lesser extent (Hardy et al., 
2006).  This information is used to determine if a load of grain meets the criterion for each 
quality parameter set by the production plant.  Loads can be rejected or assessed an 
appropriate dockage level if criteria are not met.  The developing cellulosic ethanol industry will 
require a similar framework of quality determination measures for merchandising lignocellulosic 
biomass. 
Existing biomass quality methods   
Biomass grading systems have been developed for the forage industry, but a single system has 
not been widely implemented because grading systems are specific to forage species and end-
use (Collins and Owens, 2003).  Grading systems are based either on analytical values -
determined using wet chemistry methods or near infrared reflectance spectroscopy (NIRS) - 
visual assessment, or a combination of the two methods (Taylor, 1995).   Systems based on 
analytical parameters, such as crude protein (CP) and relative feed value (RFV), would not be 
applicable for grading cellulosic ethanol feedstock because the parameters are related to value 
of biomass as a feedstuff for ruminant animals, not for producing ethanol.  Systems which use 
visual characteristics, such as dustiness, color, or maturity, are subjective and many of the 
characteristics are unrelated to the potential of a feedstock for conversion to ethanol.   
Laboratory methods used to characterize lignocellulosic biomass properties have the potential 
as de facto-quality analyses.  These methods comprise analyses used to determine 
lignocellulosic composition (hemicellulose, cellulose, lignin content) including monomeric sugar 
composition of the lignocellulose constituents (glucose, xylose content, etc.), digestibility 
(ethanol or fermentable sugar yield), cellulose polymerization, cellulose crystallinity, and degree 
of acetylation (Chang and Holtzapple, 2000; EPOBIO, 2006; Wiselogel et al., 1996).   
Compositional analysis and digestibility tests are the most often employed characterization 
methods used by biomass researchers; however, each technique has advantages and 
disadvantages as a method for determining biomass quality. Compositional analysis can 
provide extensive data on the carbohydrate makeup of a biomass sample, but it does not 
indicate the availability of component sugars in carbohydrate groups, specifically hemicellulose 
and cellulose, for hydrolysis and fermentation.  This is a result of the differences in the structural 
features of plant cell wall materials, including specific surface area, cellulose crystallinity, 
cellulose reactivity, degree of polymerization, lignin content, and degree of acetylation 
(EPOBIO, 2006).   Digestibility has been successfully correlated to these structural features by 
many researchers using a broad range of biomass materials (Chang and Holtzapple, 2000); 
therefore, digestibility serves as a simplified method to determine the impact of structural 
features on the availability of hemicellulose and cellulose for hydrolysis and fermentation.  
Simultaneous saccharification and fermentation (SSF) is the most often used digestibility 
method in biomass research, but there is minimal standardization in hydrolysis and fermentation 
conditions between researchers which make direct comparison of results difficult (Wyman et al., 
2005).   Digestibility tests also do not provide the spectrum of carbohydrate data that 
compositional analysis is capable of.   
Additional considerations for selecting a biomass quality assay are adaptation for high 
throughput, at-plant screening methods, such as near infrared reflectance spectroscopy (NIRS), 
and requirement of highly specialized techniques.  Determination of compositional analysis 
values using NIRS has long been demonstrated (Sanderson, 1998); however, researchers have 
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not been able to accurately correlate digestibility values with NIRS data, thus far (Lorenz and 
Coors, 2006).   Both methods do not necessarily require specialized techniques, such as x-ray 
diffractometry or high performance anion exchange chromatography, but high performance 
liquid chromatography (HPLC) or gas chromatography - mass spectroscopy (GC-MS) is often 
used for determining ethanol yields in digestibility tests and monomeric sugar concentrations in 
compositional analysis.        
Combining compositional analysis and digestibility tests into single method would produce a 
concise and robust assay for determining quality of lignocellulosic biomass feedstocks.                                
Model Development  
Murphy and Moore have developed a model which provides the conceptual framework for 
developing a combined compositional analysis and digestibility assay.  This model is based on a 
true digestibility (TD) model for ruminant livestock (Fig. 1) (Moore et al., 1993).   The TD model 
partitions plant dry matter into cell solubles, CS, digested fiber, CD, and undigested fiber, CI, with   
a 1st-order rate constant, k, lag time, L, and fermentation time, t, to describe digestibility kinetics.  
Cell solubles includes soluble sugars, starches, pectins, and proteins.  Digested fiber comprises 
cellulose and hemicellulose and undigested fiber consist of lignin and the remaining cellulose 
and hemicellulose.  TD is calculated as:   
TD = CS + CD (1 - e-k(t-L)) (1) 
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Figure 1. True digestibility (TD) model for ruminant livestock. 
The Murphy-Moore model partitions plant dry matter constituents based on their availablity for 
biological conversion – e.g., enzymatic hydrolysis and fermentation – as opposed to availability 
for ruminant digestion (Fig. 2).   Carbohydrates are separated into four groups based on the 
relative severity of conditions necessary to hydrolyze them to fermentable sugars.  These 
groups include: soluble carbohydrates, CS, highly biochemically available carbohydrates, CH, 
biochemically available, CB, and unavailable carbohydrates, CU.  The CS term includes 
monomeric sugars which are water-soluble in biomass.  These sugars can be potentially lost 
during processing at a biorefinery if washing is needed to remove inhibitory compounds 
contained in the biomass.  The CH group includes oligosaccharides, starches, and fructans and 
requires only minimal processing to be converted to fermentable sugars.  The CB fraction 
includes structural carbohydrates, hemicellulose, cellulose, and pectin, which are susceptible to 
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enzymatic hydrolysis.  This group is comparable to digested fiber in the TD model, with its 
availability over time, t, described using a first-order constant, k.  The CU group consists of 
carbohydrates which are unavailable for biological conversion, mainly hemicellulose and 
cellulose in close association with lignin.  Total available carbohydrates, CA, can thus be 
expressed as:                   
CA = CS + CH + CB (1 - e-kt) (2) 
The remaining constituents are lignin, L, ash, A, and extractives, E, which from the standpoint of 
biological conversion, represent anti-quality factors.  Lignin content has been found to be the 
most important factor governing enzymatic digestibility of lignocellulosic biomass (Kim and 
Holtzapple, 2006).  Ash content is of interest because high levels can increase energy 
requirements to grind biomass, wear on material handling equipment, and can cause fouling in 
combustors and gasifiers if residues are converted thermochemically for heat and power 
(Brown, 2003).  Fermentation inhibitors, such as furfural, weak acids, and phenols (Palmqvist 
and Hahn-Hägerdal, 2000), are contained in the extractives faction.  Proteins are also a 
constituent of extractives.                 
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Figure 2.  Graphical description of model parameters.  
Carbohydrate and lignin data, specifically CH, CB, k, CU and L, are most likely to be of interest to 
biorefineries.  Differing levels of these parameters can affect process operation parameters 
such as residence time during pretreatment, enzyme loading rates, loading rates for the 
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fermentation organisms, and solids loading rates in reactors. This information could be used to 
determine the premium or dockage level for each load of biomass delivered by a producer and 
to establish a regime for blending biomass or to make process adjustments based on biomass 
characteristics.   
Materials and Methods  
Model parameters were determined using a gravimetric assay based on a composite of forage 
quality, cell wall isolation, enzymatic hydrolysis, and fermentation procedures (Fig. 3).  Water 
soluble carbohydrates (WSC) were used to determine soluble carbohydrates, CS.  Highly 
biochemically available carbohydrates, CH, are expressed as the difference between total-non 
structural carbohydrates (TNC) and WSC values.  Alcohol insoluble residues (AIR) were 
prepared by removing the CS, CH, and extractives, E, fractions to produce a cell wall isolation 
suitable for subsequent digestion.  Extractives content is calculated by subtracting 100 from the 
summation of the AIR and TNC values on a percentage basis.    
Biochemically available carbohydrates, CB, were determined by digesting the AIR using 
simultaneous saccharification and fermentation (SSF) and simultaneous saccharification and 
cofermentation (SSCF) methods.  AIR samples were incubated for periods of 0, 4, 8, 24, 48, 72, 
and 96 hours to determine the 1st order rate digestion constant and also to determine simplified 
digestion kinetics for future use of this assay (Moore and Cherney, 1986).  AIR samples were 
analyzed for Klason lignin following by ignition of the residue to determine ash content, A.  
Lignin content, L, is expressed as the difference between Klason lignin and ash values.  
Unavailable carbohydrates, CU, is calculated as the difference between AIR and the sum of CB 
and Klason lignin values.    
Assay procedures were validated, in triplicate, on three potential biomass feedstocks: corn 
stover, switchgrass, and hybrid poplar.    
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Figure 3. Overview of laboratory procedures 
Feedstocks  
Corn (Zea mays L.) stover and switchgrass (Panicum virgatum L.) were harvested from a field 
plot at the Agricultural Engineering and Agronomy Research Center near Boone, Iowa in 
November 2006.  Hybrid poplar (Populus) was harvested from Iowa State University poplar 
breeding plots located in Ames, Iowa in December 2006 and chipped to an average particle size 
of approximately 2 cm.  Samples were dried at 60°C in a forced air oven for 72 h (ASAE 
Standards, 2005) and ground using a Wiley mill (Thomas Scientific Inc., Swedesboro, N.J.) 
fitted with a 1-mm sieve.  Dry matter was determined for ground samples by drying 1 g of 
sample at 103 °C in a forced air oven for 4 h to make moisture corrections for all laboratory 
analyses (ASAE Standards, 2005).   
Laboratory analysis 
Water soluble carbohydrates (WSC) and total non-structural carbohydrates (TNC) were 
determined using colorimetric methods.  WSC was determined according to Murphy et al. 
(2007).  TNC was determined according to a modified Guiragossian et al. (1977) procedure, in 
which, 0.125 g of sample was refluxed in 0.2 N sulfuric acid for 1 hr.  Following digestion, the 
supernatant was treated similarly to the water extracts in the WSC procedure (Murphy et al., 
2007).     
AIR samples were prepared using a modified Uppsala procedure (Theander et al., 1995) 
described by Casler and Hatfield (2006) with an initial sample weight of 0.25 g.  AIR samples 
were hydrolyzed and fermented using SSF and SSCF procedures used by the CAFI 
researchers (Wyman et al., 2005); however, all buffer solution, growth media, inoculum, and 
enzyme volumes were scaled to a working volume of 10 mL.  Enzyme loading rates of 60 
FPU/g-dry matter Spezyme CP®, 2 CBU/FPU Novozyme®, and 60 BXU/g-dry matter Multifect 
Xylanase® were used for enzymatic hydrolysis.   The microorganism and growth medium used 
for SSF were Saccharomyces cerevisiae ATCC® 200062 (NREL-D5A) and YP medium, 
respectively; SSCF used Escherichia coli ATCC® 55124 (KO11) and LB Miller medium. 
Klason lignin was determined on AIR samples according to the two-step sulfuric acid digestion 
described by Hatfield et al. (1994).  Klason lignin residues were washed using glass-fritted 
crucibles and ashed at 550 C for 4 hours (Theander et al., 1995).     
 
Results and Discussion  
Preliminary Results 
Water soluble carbohydrate and total non-structural carbohydrate analyses have been 
completed at the time of the meeting.  CS and CH values varied from 2.3 to 4.8 and 1.1 to 11.0 % 
of a dry matter, respectively, for the feedstocks tested (Table 1).      
Table 1. Preliminary quality data for the biomass feedstocks in % of dry matter.    
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Feedstock WSC TNC CS CH
corn stover 2.95 13.97 2.95 11.02
hybrid poplar 2.28 3.41 2.28 1.14
switchgrass 4.78 12.01 4.78 7.23  
Challenges Identified  
During development of the laboratory methods for this assay, several challenges were identified 
which need to be addressed before this method can be used routinely for biomass analysis.  
Fermentation residues contain residual microbial biomass which is not removed during 
centrifugation and solvent washing; therefore, a duplicate sample is needed to adjust for the 
amount of microbial biomass present.  This is done by analyzing the nitrogen content of the 
duplicate sample and the initial AIR.  Microbial biomass content is expressed as the difference 
in nitrogen content between the samples divided by the average nitrogen content of the 
fermentation organism on a weight basis.  Multiple centrifugation and solvent washing steps for 
removal of solubles between extraction procedures limit throughput of samples.  Use of filter 
bags and batch processing of samples, both commonly used in forage quality research (Vogel 
et al., 1999), can be used to address both these problems.     
Conclusion 
The Murphy-Moore model provides a conceptual framework for determining lignocellulosic 
biomass quality at the production plant level.  Carbohydrate and lignin data, specifically CH, CB, 
k, CU and L, is most likely to be of interest to biorefineries.  A wet-chemistry assay was 
developed for determination of model parameters that combines both compositional analysis 
and digestibility methods.  This assay uses readily available laboratory equipment and can be 
adapted for high throughput applications, such as near infrared reflectance spectroscopy (NIRS) 
for at-plant quality determination.        
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